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1.0 PROGRAM OBJECTIVES

(1) The program will quantify charge transfer mechanisms and relevant time scales associated’
with nanoparticulate / electro-active polymer blends (Charge transfer nanocomposites). These
will be correlated with induced morphological modifications, modifications to optical absorption
cross-sections, and effects of localization.

(2) The program will then examine electronic and optical phenomena associated with degrees of
matrix order/disorder, or “Scale-Hierarchy”, in the nanocomposites. We will address the
question: “when the nano-particles are ordered over length scales that are commensurate with
polarons/excitons or wavelength of incident light, are nanotube-host interactions modified”

(3) Finally, the program will integrate nanotube-based matrix composites into organic
photovoltaic devices and organic optical sensing devices (CCDs and photodiodes).

2.0 DELIVERABLES

The program will focus on nanotube - polymer interactions and how these they might be
modified when the nanotubes are ordered within the matrix.

L A systematic study of charge transfer phenomena (energy levels/times/majority
carrier/etc.) between nanotubes and conjugated polymer hosts will be made. Varied host
materials, PPVs (MEH-PPV, DOO-PPV, PmPV, POMPV), PFO (Dow Chemical), P30T, PANI,
PEDOT will allow correlation with host bulk properties.

II. X-ray, dynamic light scattering, microscopy (confocal, SEM, TEM, STM, NSOM),
Raman and micro-Raman will determine the order parameters for heavily loaded composites.
Three “dimensions of order” in the nanodispersant matrix will be considered for thin films: (1)
Random matrix, (2) Fractal structures, (3) Aligned structures in 2-D.

1118 The coupling between incident radiation and electronic response of these systems will be
determined as a function of the meso-scale structure built into the dispersion. Photoluminescence
lifetime, electroluminescence efficiencies, optically stimulated time-of-flight (TOF) as well as
pump-probe experiments on the nano-second and pico-second time frames will be the mainstay of
experimentation. Modeling of the field within the composite layers will be used to understand
how absorption cross-sections are modified.

IV. Organic photovoltaics and optical detection pixels (photodiodes) for integration into

CCDs will be used as test beds for the nanocomposites. Each of these devices present unique
opportunities for advancement in state-of-the-art using nanocomposites.

This report lists only the major advances of the program and is NOT exhaustive.
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3.0 SUMMARY STATEMENT

In considering a nanocomposite material composed of electrically and optically active
nanomaterials dispersed within an electrically and optically active host material, three
fundamental interactions must define and determine the overall optical and electronic
properties of the composite. They are;

I. Energy transfer and partitioning within the nanophase
II. Energy transfer and partitioning within the host
I1I. Energy transfer and partitioning between host and nanophase

Each of these represents optical as well as electronic energy transfer, in triplet or singlet
excitations, and thus they are quite broad in their overall implications. Each of these is
intimately dependent on the local ordering of host and nanophase, as well as the meso-
ordering of host and nanophase. And, each of these, self-consistently influences the
others.

The ansatz of this program has been 1) a study of the effects of how local and meso-scale
ordering (scale hierarchy) might influence these fundamental mechanisms for
determining nanocomposite behavior. 2) We have also provided a demonstration of how
this helps us in the design and fabrication of novel new organic photonic technologies
such as photovoltaics.

Figure 3.1: A model of Electro-Active Nanocomposites

scale of nanometers to microns, determines its overall
oscillator strength (antenna properties)

The oscillator strength of the nanophase determines
the interactions with charged excitons

Thus when placing and antenna into the exciton meliu

overall energy transfer dynamics.

The symmetry and structure of the nanophase over the

of the host, how good of an antenna is used determines

This report lists only the major advances of the program and is NOT exhaustive.
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4.0 PROGRAM RESULTS: Scientific
4.1 Photonic Three Dimensional Assemblies

The simplest and most obvious approach to the creation of 3_D assemblies in a polymer
host, is the intercalation of active polymers host into a photonic band gap structure. The
interesting aspect of this approach is that the oscillator strength of such as system is very
small. Thus, modification to propagating-modes in the system can be studied outside of
the effects of the charged interactions. References and an introduction have been
included in this section.

Description

Considerable attention has been drawn to photonic crystals of self-assembled colloidal
nano- and micro- sized spheres due to their interesting optical properties in the visible
and near infrared wavelengths respectively.“'sl An active material placed within a
photonic crystal that has a radiative transition inside the photonic band gap (PBG) formed
by these structures will be unable to emit a photon, and will result in the formation of a
photon-atom bound state."”) This should lead to interesting quantum phenomena such as
two and three dimensional photonic band-gap lasers. ' ') Localized and extended
defects can then be engineered in the PGB to produce high-Q microcavities and
waveguides.!'>"?)

Selective and precise modification of the optical properties of photonic crystal colloidal
arrays by applying various coatings to the spheres is attractive for building multipurpose
structures and devices. Previously, the most common luminescent hybrid photonic
colloidal structures have been constructed by infiltrating emissive polymers, polymer
blends containinF laser dyes, and semi-conducting nanocrystals into the voids of these
structures.” '8 Inverse photonic structures with luminescent polymer templates have
also been srnthesized by infiltration techniques and have been composed of various
materials."” The optical quality of these previously mentioned structures is dependent
upon maintaining an isotropic steric packing of the spheres and ensuring a homogenous
distribution of the filling polymer or oligomer. A distinct disadvantage to the infiltration
method is the inherent disruption or unpacking of these structures during infiltration
and/or polymerization leading to decreased optical performance.!"”)

To avoid difficulties resulting from the disruptive infiltration method, Rogach et al. ['%)
have engineered a core-shell structure by pre-coating the spheres with a polymer —
luminescent semi-conducting nanocrystalline composite. Their shell structure was
deposited by the Layer-by-Layer (L-b-L) process, where electrostatic forces between
Eolycationic and polyanionic species drive self-assembly into monodispersive layers."*>
2l L-b-L construction of core-shell photonic colloids offers control of the shell thickness
on the order of nanometers, allowing for the precise tuning of the pseudo-photonic band
gap or stop band, and adding the functionality of the specific polyelectrolyte while
maintaining high quality photonic structures.

This report lists only the major advances of the program and is NOT exhaustive.
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In this work, we have accomplished the preparation and characterization of the optical
properties of 280 nm silica nanospheres coated with a luminescent conjugated
polyelectrolyte, sulfonated Poly(phenylene ethynylene) (PPE-S03-).”*) The conjugated
polymer is coated onto the nanospheres by the L-b-L method. Previous shell construction
by means of a non-luminescent electrolytic polymer host, blended with luminescent semi-
conducting nanocrystals is advanced in this work by constructing the shell from a
luminescent polyelectrolyte. Furthermore, we have prepared fluorescent opal structures
from these core-shell structures and investigated their optical properties.

The PPE was provided by Kirk Schanze at the University of Florida. The main results
are shown here and have been submitted for publication to Advanced Materials:

Single Bilayer Many Bilayer
Coating Coatings S PPE-SO3°
o AR O(CH,)3SO3Nd"
PDDA_
PPE-SO3 B, O(CHSON )
Silica sphere —~s~— PDDA
N< CI
Ve

Scheme 4.1. Layer-by-Layer construction of PDDA/PPE-SO3- bilayer coated silica
spheres and the structures of PPE-SO3- and PDDA.

This report lists only the major advances of the program and is NOT exhaustive.
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Figure 4.1. AFM images of the thin film photonic crystals and TEM micrographs of

the constituent spheres (a) uncoated, (b)1 bilayer, and (c) 5 bilayer coatings.

This report lists only the major advances of the program and is NOT exhaustive.
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Figure 4.2. (a) Absorption and (b) photoluminescence spectra of PPE-SO3-

morphologies increasing from non-aggregated (Blue) to aggregated (Black). ()
Absorption and (d) photoluminescence spectra of (PPE-SO3-/PDDA)n/Silica colloidal
suspensions in ethanol with increasing bilayer concentration from n equal to 1 (Black) to
5 (Cyan). Inset (c) is the linear fit to the absorption maximum in Figure 1(c) at 425 nm.
Inset (d) is an exponential fit to the decreasing quantum yield in Figure 1(d) at 500 nm.

This report lists only the major advances of the program and is NOT exhaustive.
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Figure 4.3.  (a) Angle dependent transmission (Right) and photoluminescence (Left) of
a typical thin film photonic crystals with 5 bilayers from 0 to 40 degrees. (b) Fitted
maximum stop band wavelength verses angle for several bilayer coatings.

This report lists only the major advances of the program and is NOT exhaustive.
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Summary

In Summary, this experiment clearly demonstrates that final state effects 9that is the
allowed propagating modes of the system, influence exciton recombination dynamics
without ay direct charged interactions with the excitons themselves. In the context of
these studies this is important since it points out that the overall structure of the meso-
phase is important in determining such effects without any antenna interactions at all!
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4.2 Electrochromics

Of course when the regular order is removed in the system above, the overall optics is
dominated by turbid scatter as would be expected. However, when the individual
nanoparticles of the meso-phase have a well defined oscillator strengths (as in the case of
plasmonic particles), both near and far field interactions within that nanocomposite
dispersion can be observed. This is the case when looking at electrochromism in the
host. In this case both charge exchange to the particle from the excitations, and meso-
scale dielectric interactions come into play. Specifically, we have shown that the meso-
scale dispersion of particles modifies the local dielectric, yielding a shift in the plasmonic
bands of the nanophase, and the mobility of excitons are also shifted due to local trapping
effects.

Description

To make this demonstration, electrochromic devices were made using a nanocomposite
blend of conducting polymer poly(3,4 ethylenedioxythiophene): poly styrene sulfonate
(PEDOT:PSS) and metal nanoparticles of silver or gold. Microscopic analysis showed a
random distribution of metal nanoparticles with little aggregation in the matrix. The two
terminal devices exhibited an increase in absorption that is dependant on the loading of
nanoparticles in the polymer. Further, the active electrochromic spectral window showed
a bias dependant tuning and a broadened spectral response. All devices exhibited slow
relaxivities which we interpret as resulting from the high capacitance of the metal
nanoparticles embedded in the polymer matrix.

Results
=N I\ =\ t
9 0 o 0 o 0
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h e i Ol T ITO L
/_\\ / \ ' \(.
e A Electrolyte "
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NI ITO
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1]

Figure 4.4. a) Chemical structure of PEDOT: PSS, b). The schematic of the
electrochromic device structure

This report lists only the major advances of the program and is NOT exhaustive.
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Figure 4.5. a). The absorbance spectrum of dispersion of gold, silver nanoparticles and
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metal nanoparticles dispersion and PEDOT:PSS dispersion. ¢). The comparison of
absorbance spectra of individual thin films and composites thin films. d). AFM
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Figure 4.6, The absorbance spectra of the PEDOT: PSS only electrochromic device in
different bias conditions
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Figure 4.8. a) The bias dependant electrochromic properties of Ag+ PEDOT:PSS
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Summary

Electrochromic devices with nanocomposite blends consisting of metal nanoparticles and
conducting polymers were made. The devices showed enhanced absorbance due to
plasmon absorption in the nanoparticles. The absorbance enhancement depends on the
loading of the nanoparticles in PEDOT: PSS as expected. However, the plasmon
absorption peak depends on the dielectric properties of the surrounding medium allowing
tuning of the spectral response with voltage. The color tuning and time response makes
this material a prospective candidate for full color electrochromic displays.

4.3  Is the Nanotube a Giant Oscillator Strength Material?

An interesting and instructive question investigated in this program has been how
important is the oscillator strength of the nanoparticle and do carbon nanotubes couple
well (as antennae) to the optical field. This question has been definitively answered in a
series of important demonstrations involving phase-coherent absorption effects.

Description

Using nonlinear absorption at 532 nm in the nanosecond regime, we have measured the
low fluence nonlinear optical properties of the reverse saturable carbocyanine dye,
1,1',3,3,3',3'-hexamethylindotricarbocyanine iodide (HITCI), blended with well dispersed
carbon nanotubes. The nonlinear optical properties of the blend are strongly dependent on
the ratio of dye to nanotubes in solution. In the case where the nanotubes per dye
molecule ratio is large, we see a distinctive enhancement in optical fluence limiting
properties of the system, suggesting enhanced absorption of the excited state manifolds.
However, when the nanotube to dye ratio drops, the system response is dominated by the
dye’s behavior. We suggest that this can be seen as a two component system in which
sensitized dye molecules associated with the nanotubes have a different optical cross-
section from the dye molecules far from the nanotubes. From classical antennae
considerations, this is expected.

Results

This report lists® OT exhaustive.
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H:SOJ/HNO:

Figure 4.10 TEM of CNy,-MWNTs and functionalization scheme of PDDA'CN, -
MWNTs by acid treatment and compatibilization for methanol by electrostatically
adsorbed cationic PDDA.

This report lists only the major advances of the program and is NOT exhaustive.
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Figure 4.11 Absorbance of HITCI blended with and without with PDDA'CN, -
MWNTs. At these low fluences, there is almost no difference in absorption cross-
section.

This report lists only the major advances of the program and is NOT exhaustive.

16



Final report » FA9550-04-1-0161 « Charge Transfer Nanocomposites: the effects of
scale hierarchy

HITC and PDDA'CN.” MMVCNTs

HITC: 4x10°gmi HTC: 2x 10°gmi
= [ B 14 s gt
? L4
s, hase T
e e O
09 % * 09 e ”
[ h . L
" HTC “ ° ® HTC .
08| ® HTC+POOAGN MACNTS D as] © HIC+PDOACN MACNTs
@
3]
c h 8
g a7 o7
[ Solvent: Methandl 2 Soivert: Methanol i
ah HTC: 4x 10°gm el HTC: 2x 10°g/mi o
S |poovoy wwovTs 10 tamet PODA'CN, MACNT: 10°gil Temeat
i 06 T » 06 T J
[ ot 001 a1 001 a1
'§ HITC: 1 x10°g/mi HITC: 0.8 x 10°g/mi
T 4 .0‘ ey " 14 c!.‘fﬁ‘)du ¥
= Ny b, . e A 1
2 . 7*‘?,‘{;&; v"?.%
09 e 09 'H
® HTC "\‘ ® HTC |
0] © HTC+PODACN MACNTS "« qg] ® HTC+PDDA'CN MACNTs
a7 07
Saivert: Methanal Solvert: Methand
HTC: 1x10°gmi S HTC: 0.8 x 10°gmi o
PDDA'CN, MACNTs: 10°gfmi L PDDA'CN, MACNTs: 10°gimi bpie
06 +———— v 06 ——— - — ~
001 o1 001 a1
Input Fluence (Jen)

Figure 4.12 Normalized nonlinear transmission spectra at 532 nm of PDDA'CN, -
MWNTs (green), HITCI (black), and blended HITCI and PDDA*CN, -MWNTs (red) at
molar concentrations of HITCI (a) 74.5 pM, (b) 37.3 uM, (c) 18.6 uM, and (d) 14.9 pM.
PDDA’CN, -MWNTs concentration is fixed at 5x10° g/ml. Notice that as the fluence is
raised, the presence of the nanotubes clearly enhances the ability of the dye to absorb the
light! This is a standard property associated with antenna-mediated phase coherent
absorption.
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Summary

In summary, nitrogen doped carbon nanotubes were functionalized for compatibilization
in methanol and blended with HITCI. The linear properties of the suspensions are only
slightly modified by the presence of the nanotubes as an increase in scattering.
However, the addition of carbon nanotubes greatly influenced the nonlinear transmittance
at low fluences. We suggest that the HITCI’s RSA properties at low fluences are
modified through “antenna-like” effects by the blended carbon nanotubes.

A useful device made from these blends

Passive nonlinear transmission devices designed to protect sensitive optical components
and eyes from laser induced damage are of great interest for military, law enforcement,
and industrial applications. An ideal passive nonlinear transmission protective device
would respond instantaneously to short picosecond pulses as well as to continuous
irradiation. It would have a broadband spectral response without damage and have nearly
perfect linear transmission properties. Finally, it would be tailorable to pin the output to
a predetermined fluence. To date, most research has been aimed at three classes of
passive limiting mechanisms with limited success in creating an ideal nonlinear
transmission device: (1) multi-photon absorption, (2) reverse saturable absorption (RSA),
(3) and nonlinear scattering. Comparatively, little research has been performed using
combinations of these mechanisms. Optically engineered solutions of cascaded cells and
multipass geometries have shown promising results, but may prove unattractive due to
their large physical dimensions."” Recently, N. Izard et al. 3 reported combining a multi-
photon absorber dye with nonlinearly scattering carbon nanotubes to show modest
improvements in the blends when studied under optimized focal conditions.

In this work, we have prepared a nonlinear scattering system blended with a RSA dye for
complimentary (and additive) nonlinear transmission. Specifically, nitrogen doped
multiwalled carbon nanotubes (CNx-MWNTs) were functionalized for compatibilization
in alcohols and blended with a well studied carbocyanine dye, 1,1'3,3,3',3'-
hexamethylindotricarbocyanine iodide (HITCI) to investigate the composite system’s
nonlinear optical response.

' F.E.Hemandez, S. Yang, E.W. Van Stryland, and D. J. Hagan, Optics Letters 2000, 25(16), 1180.
2. N. M. Barbosa Neto, C. R. Mendonca, L. Misoguti, and S. C. Zilio, Optics Letter 2003, 28(3), 191
3. N.lIzard, C. Ménard, D. Riehl, E. Doris, C. Mioskowski, and E. Anglart, Chem. Phys. Lett. 2004, 391,
124.
This report lists only the major advances of the program and is NOT exhaustive.
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Figure 4.13 Nonlinear transmission spectra at 532 nm of PDDA'CN,-MWNTs (black),
HITCI (blue), and blended HITCI and PDDA'CN,-MWNTs (red) at molar
concentrations of HITCI (a) 74.5 uM, (b) 37.3 uM, (c) 18.6 uM, and (d) 14.9 pM.
PDDA*CN,-MWNTs concentration is fixed at 5x10® g/ml.

This report lists only the major advances of the program and is NOT exhaustive.
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4.4  Using the Giant Oscillator to explain triplet population lifetime modifications

The fact that organic devices can have greatly extended lifetimes when using nanophase
materials such as carbon nanotubes has been established in our previous program and we
continue to develop long-lifetime, robust organic electronics using this approach. The
question remains: “why?” We have hypothesized that this is due to a modification of
triplet lifetimes in the host materials, leading to a suppression of oxidation in the host.

Description

In this program a preliminary investigation of effects on triplet population lifetimes, due
to modifications in the nanophase have been undertaken. Specifically, direct
measurements of the triplet population lifetimes have been made using time dependent
luminescence decay and transient photo-absorption. This preliminary data on the decay
of triplet excitons in MEH-PPV loading with carbon nanotubes is shown below and
indicates the decreasing lifetime of the triplet exciton as a function of nanotube loading.
Note that lifetimes decrease by a factor of 4 for this system, yet we do not know how
ordering the nanophase, changing its electronics or modifying its oscillator strength might
effect this trend. To test our hypothesis above, each of these variables are currently being
varied in a systematic way. Oscillator strength will be varied by changing the length of
the nanotubes/nanowires and their loading. Doping the nanotubes will allow us to move
its relative position to the HOMO-LUMO band edges of the polymer. And structuring the
composite (as described below) can provide insight into how long-range order might
effect interactions between nano-antenna and excitons. These studies are ongoing at the
end of this program.

Data
b Normalized Transient Absorption:
MEH-PPV + SWCNTs
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Figure 4.14. Preliminary data on triplet population in MEH-PPV with varying amounts of
CNTs. These experiments were carried out at 15K.
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Summary

So what do these measurements have to do with the oscillator strength? We know that
the triplet state of the polymer is mixed generally speaking: triplet state = (a yt + b ys)
and Forster transfer is small because b is small. However: the rate of energy transfer
from such state through the Forster mechanism is: Rp ~ b’ fo fa. So while b’ < a’ by
about 10° , fx can be increased by about 10° because of phase coherence in the nano-
particle. Thus, we believe that these experiments show that the triplet lifetime (and thus
polymer oxidation time scales) are directly tied to the oscillator strength per unit volume.

We recognize that precise determination of the oscillator strength per unit volume is
difficult. And so for further study, we propose to vary the loading (number) density of
nanotubes for a given length. Lengths of interest of the nanotube antenna will be
determined roughly by our expectations from classical antenna theory, 2 1. As a further
method of separating the electronic and optical effects, we note that, according to this
model, the boron doped, nitrogen doped and pure nanotubes should each provide the
same triplet interactions even though, energetically, they will have quite different
positions in the HOMO-LUMO gap of the polymer host.

5.0 PROGRAM RESULTS: technology demonstrations

An important part of this research program is to provide technology demonstration
platforms to more fully understand how these scientific advances can be integrated into
organic electronics. The majority of our efforts in this program has been on organic
photovolatics.

Photovoltaics
Approach

In this program, we have attempted to construct an ordered nanophase within polymer
photovoltaics to provide dispersed nanostructured interfaces throughout the bulk of
absorbing material, such that the excitons are efficiently separated into electrons and
holes before recombination, and then allow for the removal of this charge (as current) in
the most efficient way.

The best known nanomaterial to create such ‘bulk heterojunctions’ is the fullerene and its
derivatives. Widely recognized as an efficient an electron acceptor a blended phase of
fullerenes into a conducting organic host allows for separation of the exciton and high
mobility transport of the electron. Since the hole is typically the high mobility carrier,
enhancing electron mobility further serves to provide charge balance to devices. While
this has worked well the hopping nature of electrons in a percolating network of
fullerenes severely limits the maximum obtainable efficiency. What is needed is control
over the structure of the nanophase that will allow for tailored carrier mobilities.

This report lists only the major advances of the program and is NOT exhaustive.
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To control the mesophase we have attempted to create single crystalline nano-whiskers of
Ceo pointing toward the Cathode (but not touching it) from the anode. This provides an
increase in the electron mobility more closely matching that of the holes in the polymer
host. ~We demonstrate this mesophase control in the P3HT:PCBM system. In this
system, P3HT is the absorber and overlaps with the solar spectrum which sets the upper
limit of performance, the “Forrest Limit,” at about 12%.

Test devices

The standard device used in our studies is built by spin casting PEDOT:PSS onto cleaned
ITO substrates. The PEDOT:PSS layer is approximately 80 nm thick. This layer is them
dried for 15 minutes at 80 °C. A blend of regioregular P3HT (Sigma Aldrich) and PCBM
(American Dye Sources) is then spin coated onto the PEDOT layer and allowed to dry for
12 hours at 10~ torr. Subsequently, a LiF (0.5 nm) Al cathode is evaporated onto the
polymer stack. This device is removed from the evaporator and encapsulated using glass
capsules with a silicon seal or our new Saran™ encapsulation (described below). Once
the devices are built and encapsulated, the device is annealed on a hot plate. Performance
of the devices was determined using a calibrated AM1.5G solar simulator (Oriel) at 80
mW/cm® illumination. Current voltage curves were obtained using a standard source
measurement unit (Keithley SMU) from which the maximum power rectangle was
determined. From this the filling factor and efficiency of the device was calculated.

Optimizing Performance

To optimize the device before annealing, the ratio of polymer to PCBM was determined
by varying from 1:1 (polymer to PCBM) to 1:0.466 for two different thicknesses of
P3HT films. Notice that the maximum efficiency was obtained at a surprisingly low
loading of PCBM for both the thick (150 nm) and thin (80 nm) films shown in figure 1.
Next, the optimally loaded devices were annealed (shown in figure 2a) to create ordering
(crystallization) within the nanophased materials (PCBM). The devices were annealed to
150 °C for different lengths of time to determine the maximum efficiency that could be
obtained. We note that lower temperatures were also investigated and it was found that
150 °C to 155 °C was the optimal annealing window to provide significant mobility to the
PCBM phase. Annealing between two and three minutes results in efficiencies around 5.2
% to 5.5 %. This is an enhancement of more than 120%. We note that continued
annealing at this temperature or lower, results in an overall degradation of the device
performance.

This report lists only the major advances of the program and is NOT exhaustive.
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Figure 5.1: optimized performance as a function of loading before annealing for two

film thicknesses
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Figure 5.2: a) device efficiency after annealing process as a function of annealing times.
B) EQE presented for a 1:06 ratio (polymer to PCBM) device with a 80 nm thick active
layer and annealed for various times (0 minutes, 3 minutes, 4.30 minutes, and 15
minutes)
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